Streptomyces lividans DNA contains a modification which makes it susceptible to double-strand cleavage during electrophoresis in buffers contaminated with ferrous iron (which may be present in some batches of EDTA). The cleavage of the DNA is site-specific and the average fragment size resulting from limit digestion of total S. lividans DNA is about 6kb. DNA from Streptomyces coelicolor A3(2) and several other Streptomyces strains, and from E. coli, is not cleaved under the same conditions. A S. lividans mutant has been isolated which lacks the DNA modification.
INTRODUCTION
Derivatives of Streptomyces lividans 66 are commonly used as host strains for gene cloning in Streptomyces. S. lividans is closely related to Sĉ oelicolor A3(2), the genetically most characterized streptomycete. When total DNA of the two strains is digested with restriction enzymes and fractionated on agarose gels, an almost identical banding pattern is observed, indicating that most restriction sites are conserved between the two strains and that they must be very similar in their DNA sequence. The main advantages of using S. lividans rather than S. coelicolor A3(2) as host for gene cloning are that it does not restrict DNA isolated from other species and that plasmid-free strains are available [1, 2] .
In the past we had occasional difficulties in obtaining good DNA preparations from S. lividans. Preparations of plasmid and total DNA appeared partially degraded on agarose gels. It was generally assumed that endogenous nucleases, presumed to be active before the cells were lysed, caused the problem. Attempts to inactivate nucleases by heating the mycelium before lysozyme treatment only aggravated the problem [3] .
Here we show that S. lividans DNA is modified in a way which makes it susceptible to degradation during electrophoresis in buffers containing trace amounts of ferrous iron (Fe 2+ ). This may explain some of the reported difficulties with S. lividans DNA preparations.
MATERIALS AND METHODS
Bacterial strains, plasmids and general techniques. S. lividans strains TK24 and TK64 are described in Hopwood et al. [2] and JT46 is a recombination deficient derivative of TK64 isolated by Tsai et al. [4] . ED8767 [5] Linear molecules could in principle have arisen from double-strand cuts or from the random occurrence of two (single-strand) nicks close together. Using alkaline gels we showed that S. lividans DNA is not extensively nicked in "bad" buffer (not shown). This means that most plasmid molecules have only one site where they suffer a double-strand cut during electrophoresis in "bad" buffer. The average size of the chromosomal DNA fragments obtained after complete degradation in "bad" buffer was determined to be c. 6 kb.
Experiments with linear fragments of pIJlOl (isolated from S. lividans) showed that the DNA can be cut at several specific sites but the above result (Fig. 2) indicates that most molecules are only cut at one of these potential cut sites. Fig. 3 shows agarose gels run at a low voltage (0.7V/cm) in "good" and "bad" buffer. Under these conditions it was possible to see individual bands without resorting to two-dimensional electrophoresis. Using similar gels it was possible to localize one of the cut sites (probably the preferential cut site) between the unique BamHl and Kpnl sites of pIJlOl. It was possible to label the DNA at the cut site with polynucleotide kinase after dephosphorylation with alkaline phosphatase. lividans is specifically modified rather than that it lacks a modification. 0C31 DNA isolated from S. lividans was not sensitive to "bad" buffer even when it contained a piece of pIJlOl DNA which is known to have a cut site. The S. lividans modification system may be inactivated during lytic phage growth or it may simply not be able to keep up with the speed of phage DNA synthesis. This again argues for a specific modification of S. lividans DNA. Digests with restriction enzymes known to be either inhibited or stimulated by DNA methylation [11] showed that all the above mentioned Streptomyces strains produced DNA which behaved like un-methylated E. coli What role did electrophoresis play in the phenomenon? Electrophoresis might generate a reducing molecule at the cathode or an oxidizing reagent at the anode. Alternatively it was thought that a reaction involving free radicals might take place only when the DNA was in an extremely pure state, as occurs during electrophoresis.
Samples of electrophoresis buffer from both the anode and the cathode tank were tested at different times before and during electrophoresis in "bad" buffer. 500ul buffer samples were added to Eppendorf tubes with a mixture of plasmid DNA from E. coli and S. lividans. After 2 h incubation at room temperature the samples were precipitated with ethanol and run on an 
DISCUSSION
We have shown that S. lividans DNA is modified in a way that makes it sensitive to degradation during electrophoresis in buffers containing small amounts of ferrous iron, a common contaminant of EDTA and other chelating agents. The active form of the iron is possibly an EDTA complex because the active principle in "bad" buffer is negatively-charged. Complexes of ferrous iron and EDTA are known to cleave DNA in a reaction that depends on oxygen and the presence of a reducing agent such as DTT whose concentration is critical [16] . If too much of the reducing agent is present it inhibits the reaction, probably by scavenging hydroxyl radicals which are believed to be involved in the reaction. Iron-EDTA complexes cleave unmodified DNA without sequence specificity. The activity is low but can be dramatically increased if the iron-EDTA complex is attached to the DNA. This has been achieved by linking the complex covalently to intercalating agents DNA-binding proteins or oligonucleotides [17,18 and references therein]. With oligonucleotides, sequence-specific cleavage of DNA has been achieved [18] . The cuts occur within about 12-16 nucleotides rather than being specific to the base. This was attributed to the diffusible nature of the hydroxyl radical which is thought to be the cleaving agent. In our case the cleavage seems to be precise to the base. This might be because there is a site-specific modification which makes only one bond susceptible to attack. It could also be that the modified S. lividans bases themselves chelate ferrous iron and keep it in a fixed position which might greatly favour the cleavage of one particular chemical bond.
The S. lividans plasmid pIJlOl was on average cut once during electrophoresis in "bad" buffer. A small proportion of the CCC molecules were not sensitive to degradation. There are several possible explanations for this. Modification could occur some time after DNA synthesis or modification could be rather inefficient so that only a fraction of the modifiable sequences are in fact modified. If this were the case one might expect to see some differences between different strains of S. lividans, between DNA from young and old cultures or from cultures grown in different media. Our experiments (unpublished) showed that the proportion of S. lividans plasmid DNA which is not degraded in bad buffer and the average size of the fragments obtained from total DNA preparations was constant. We thus favour an alternative explanation: S. lividans DNA is fully modified under all conditions but the cleaving reaction, being a chemical rather than an enzymatic process, may have at least two different end products, one being cleaved DNA and the other a destruction of the modification without cleavage of the DNA backbone. Experiments are in progress to distinguish between these possibilities.
No biological effect of the S. lividans DNA modification has yet been found. The mutant strain ZX1, which lacks the modification, appears normal and plasmids from wild-type S. lividans and from E. coli can be introduced into it by transformation, zxl also does not show decreased sensitivity towards iron salts than wild-type S. lividans strains which have modified DNA.
The discovery of the degradation of S. lividans DNA during electrcphoresis is of practical importance because trace amounts of ferrous iron are likely to occur in EDTA. In most cases the amounts are so' small that the effect is not obvious, especially when only small DNA molecules are handled. It may, however, become important when dealing with large plasmids or large chromosomal DNA fragments such as those generated during chromosome mapping by pulsed field gel electrophoresis.
We have not tried extensively to find a cure for the problem, apart from the isolation of the mutant strain zxl. Experiments to determine the nature of the DNA modification in S. lividans and its sequence specificity are in progress.
